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 For more than half a century silicon-based CMOS transistors have been scaled 
continuously to fulfill the projections of Moore’s law and served as the backbone of 
semiconductor electronics. This scaling trend, however, is now approaching fundamental limits 
on computing speed and energy efficiency. Due to their unique properties, two dimensional (2D) 
materials, especially graphene and transition metal dichalcogenides (TMDCs), offer great 
opportunities for developing “beyond CMOS” electronic devices and other future electronic and 
photonic devices. However, there are still several critical challenges for graphene applications, 
such as mass production of high-quality single-crystal graphene films, bandgap opening, and 
heterostructure integration with other 2D materials. Chemical vapor deposition (CVD) of 
graphene is the most promising way by far for the synthesis of large-scale single-crystal 
graphene. In this dissertation, we study the low-pressure chemical vapor deposition (LPCVD) of 
graphene on commercial copper foils and develop a new graphene growth method called 
selective area chemical vapor deposition of graphene (SACVD). This SACVD method is a one-
step seed-free method that can synthesize graphene on selective areas of the copper catalytic 
substrate by using a quartz mask. We study the growth model of the SACVD graphene growth 
and propose a growth mechanism to understand the SACVD growth of graphene. In SACVD 
graphene grows on both the front and back sides of the Cu foil that is sandwiched between the 
quartz mask and substrate. Furthermore, the graphene that grows on both sides of the copper foil 
shares the same pattern as defined by the smaller topside quartz mask. Based on this 
experimental observation, the proposed mechanism is that the oxygen released by the fused 
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quartz accumulates sufficiently to promote graphene growth only in the regions where both sides 
of the copper foil are masked by quartz. The high diffusion coefficient of oxygen through copper 
would prevent this accumulation if fused quartz were placed on only one side of the copper foil. 
This SACVD method can be applied to the growth of an ordered array of large-size single-
crystal graphene domains, and potentially to the growth of other 2D materials. Based on the 
SACVD growth of single crystal graphene, we also propose a continuous growth method to grow 
large-size single-crystal graphene controlled by a moving quartz mask. To pattern graphene at 
the nanoscale for bandgap opening and device fabrication, we also study atomic force 
microscope tip-based nanolithography methods and find that different types of localized 
chemical reactions, such as electrochemical oxidation and catalytic etching, can be induced by 
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1.1 Background and Motivation 
In 1965 Gordon Moore, co-founder of Intel, made a prediction that the number of 
transistors on a microprocessor chip would double approximately every two years, which 
later became known as Moore’s law. Silicon-based CMOS transistors have been scaled 
continuously for more than half a century to fulfill the projections of Moore’s law and 
have served as the backbone of semiconductor electronics. This scaling trend, which has 
powered the information technology revolution since the 1960s, however, is now 
approaching fundamental limits in terms of computing speed and energy efficiency. The 
International Technology Roadmap for Semiconductors has pointed out the uncertainty 
for the sub-7 nm node and beyond due to critical challenges for transistor components 
being scaled down to just a few nanometers in length. In fact, the semiconductor industry 
roadmap has laid out a future R&D plan that is not centered on Moore’s law.  
Since the first 2D atomic crystal graphene was isolated from graphite by mechanical 
exfoliation in 2004 [1], it has stimulated extensive research from fundamental studies to 
potential applications in a variety of fields from electronics to biomedicine [2-13]. Figure 
1.1 provides an overview of applications of graphene in a variety of fields [13]. Due to 
their unique properties, two dimensional (2D) materials, especially graphene and 
transition metal dichalcogenides (TMDCs), offer great opportunities for developing 
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“beyond COMS” electronic devices and other future electronic and photonic devices [13-
16]. A science and technology roadmap for graphene and related 2D crystals was recently 
developed within the framework of the European Graphene Flagship, which provides a 
comprehensive overview of the key aspects of graphene and related materials (GRMs) 
[13]. The potential applications of GRMs have been reviewed in different thematic 
chapters in the roadmap, which includes electronic devices, spintronics, photonics and 
optoelectronics, sensors and other applications [13]. 
1.2 Graphene  
The 2D material graphene is a single atomic layer of carbon atoms bonded in sp2 
configuration in a honeycomb lattice [4] (see Figure 1.2). The 3D crystal graphite 
consists of many layers of graphene with the in-plane lattice constant of 2.46 Å. The 2D 
honeycomb structure of graphene results in the linear energy-momentum relation for low 
energies near the Dirac points of the Brillouin zone of graphene and the semi-metallic 
behavior [4]. The unique physical and electronic structure of graphene lead to some 
exceptional electronic properties. The measured carrier mobilities can reach more than 
2×105 cm2 V-1s-1 for suspended graphene at low temperature and carrier concentrations 
[17]. At room temperature its carrier mobilities are higher than 4000 cm2 V-1s-1 on SiO2/Si 
[18]. While most materials have lower hole mobility than electron mobility, the electron 
and hole mobilities of graphene are symmetric due to its linear band structure. Graphene 
also has exceptional mechanical properties compared to other materials. For example, it 
has been demonstrated that graphene can have Young’s modulus of ~ 1TPa [19, 20]. The 
room temperature in-plane thermal conductivity of suspended graphene is in the range of 
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2000 ~ 4000 W m-1 K-1, which is comparable to the thermal conductivity of diamond [21] 
and suggests that graphene can also be used as a thermal conducting material. Figure 1.3 
shows the various properties of graphene and their related application areas. Despite 
these unique properties of graphene, however, there are still several critical challenges 
that need to be overcome before graphene becomes suitable for industrial applications, 
such as mass production of high-quality single-crystal graphene films, bandgap opening, 
and heterostructure integration with other 2D materials. Chemical vapor deposition 
(CVD) of graphene is the most promising way by far for the synthesis of large scale 
single-crystal graphene.  
1.3 Dissertation Structure 
In this dissertation, we study the low pressure chemical vapor deposition (LPCVD) of 
graphene on commercial copper foils and develop a new graphene growth method called 
selective area chemical vapor deposition of graphene (SACVD). In Chapter 2, we present 
a study of the chemical vapor deposition of graphene especially the LPCVD graphene 
growth using a hot-wall tube furnace. We investigate the effects of different factors on 
graphene growth, including pressure, temperature, sample pretreatment procedures, gas 
flow rates, growth substrate and different sample configurations. In Chapter 3, we focus 
on the effect of oxygen continuously supplied by fused quartz plates inside the growth 
chamber and develop a new selective growth method. This SACVD method is a one-step 
seed-free growth method that can synthesize graphene on selective areas of the copper 
catalytic substrate by using a quartz mask and a larger underlying quartz substrate. We 
study the growth model of the SACVD graphene growth and propose a growth 
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mechanism to understand the SACVD growth of graphene. The SACVD growth of 
graphene is observed on both the front and back sides of the Cu foil that is sandwiched 
between the quartz mask and substrate. In addition, the graphene that grows on both sides 
of the copper foil shares the same pattern as defined by the quartz mask. Based on this 
experimental observation, the proposed mechanism is that the oxygen released by the 
quartz accumulates sufficiently to promote graphene growth only in the regions where 
both sides of the copper foil are masked by quartz. This SACVD method can be applied 
to the growth of an ordered array of large-size single-crystal graphene domains, and 
potentially for the growth of other 2D materials. Based on the SACVD growth of single 
crystal graphene, we also propose a continuous growth method to grow large-size single- 
crystal graphene controlled by a moving quartz mask. In Chapter 4, we study the 
graphene patterning methods using atomic force microscopy (AFM). To pattern graphene 
at the nanoscale for bandgap opening and device fabrication, we study the use of AFM 
tip-based nanolithography methods to drive different types of localized chemical 
reactions, such as electrochemical oxidation and catalytic etching. In Chapter 5, we 























Figure 1.2 (Left) Graphene is a honeycomb lattice of carbon atoms. Graphite can be 
viewed as a stack of graphene layers. (Right) Graphene honeycomb lattice. The two 
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CHEMICAL VAPOR DEPOSITION OF GRAPHENE 
 
2.1 Introduction  
Since graphene was first isolated by mechanical exfoliation of graphite in 2004, the 
mechanical exfoliation method has stimulated many fundamental studies of this 2D 
material by producing high-quality graphene flakes [1]. However, the lateral dimensions 
of the mechanical exfoliated graphene flakes are normally about tens of micrometers, 
which makes this graphene production method unsuitable for large-scale device 
fabrication and industrial applications. Other graphene production methods have been 
developed for the fabrication of large-scale uniform graphene films including the epitaxy 
growth of graphene on SiC wafers [2] and the chemical vapor deposition (CVD) of 
graphene on transition metals such as Ni [3, 4] or Cu [5]. Among different methods of 
generating graphene, chemical vapor deposition of graphene [5] has become one of the 
most promising methods for mass production of high quality and uniform graphene films 
[6, 7]. Due to its low carbon solubility and low cost, copper is the most commonly used 
catalytic substrate so far for the CVD growth of large scale high-quality single-layer 
graphene films [8, 9]. The CVD graphene growth process can be affected by many 
factors such as pressure, growth temperature, crystal orientations of Cu foil, copper 
substrate pre-treatment and different sample configurations [6-9]. Because the formation 
of graphene grain boundaries (GBs) [10] on the polycrystalline Cu substrates 
significantly affects the electronic transport properties of graphene [11, 12], many 
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methods have been developed to grow large-size single-crystal graphene by reducing the 
nucleation density [9]. One strategy to control the nucleation density is to reduce the 
global or local supply of the carbon sources during the CVD growth, such as using 
extremely diluted CH4 forming gas in APCVD graphene growth.  A recent study has 
demonstrated that inch-size single-crystal graphene can be synthesized from single 
graphene nucleus controlled by local feeding of carbon precursor [13]. Besides reducing 
the supply of carbon sources, different Cu catalyst pretreatment methods were also 
developed to reduce the nucleation density [14-20].   
In this chapter, we first present the experimental setup and general procedure used for our 
general study of chemical vapor deposition as well as the SACVD growth method that 
will be described in the next chapter. Then we present the experimental results and 
discuss some interesting findings based on our own CVD graphene growth experiments 
under different conditions including pressure, growth time, sample configurations and 
sample substrates. In the next chapter, we will focus on the study of SACVD growth of 
graphene on copper foils.   
2.2 Experimental Results and Discussion 
2.2.1 CVD graphene growth setup and procedure  
Graphene was synthesized by chemical vapor deposition on polycrystalline Cu foils at 
1000 °C to 1050 °C inside a hot wall tube furnace. Figure 2.1 shows an image of the 
actual CVD growth furnace that was used for our study, which has a mechanical pump 
attached to generate low pressure during the growth. The CVD system (Thermo 
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Scientific Lindberg/Blue M Mini-Mite Tube Furnace) utilizes a 1-inch diameter quartz 
tube as the growth chamber with a maximum operating temperature of 1100 °C. The 
temperature distribution curve along its 12-inch long heating zone without load is 
provided in Figure 2.1 However, the actual temperature curve may vary depending on 
load, sample placement and other environmental conditions.  
The schematic in Figure 2.2 illustrates the different stages of a typical graphene growth 
process. At Stage I, the furnace temperature is increased to the annealing temperature, 
typically 1000 ⁰C, from room temperature within one hour with 500 sccm Ar gas flow. At 
Stage II, the catalytic copper foil is annealed at 1000 ⁰C for 15 ~ 30 min with 500 sccm 
Ar gas. In some experiments, hydrogen gas will also be used during the annealing stage. 
And then at Stage III, methane gas flow (0.5 ~ 100 sccm) is introduced as the carbon 
precursor to grow graphene on copper catalytic surfaces. The growth temperature is 1000 
⁰C ~ 1050 ⁰C for our graphene growth experiments. Hydrogen gas is also used in the 
growth stage to increase the graphene quality. For most of the growth experiments, the 
H2: CH4 gas flow ratio is kept at 1:1. Finally, at Stage IV, we stop the supply of methane 
and hydrogen gases and decrease the furnace temperature to room temperature with 500 
sccm Ar. Thin films of single and multilayer graphene have been grown on 
polycrystalline Cu foils under different growth conditions.  
2.2.2 Atmosphere pressure CVD graphene growth 
Our APCVD growth experiments normally produce polycrystalline graphene films with 
small graphene grains. Figure 2.3 (a) shows very small graphene flakes with various 
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shapes formed on the copper surface after an APCVD growth at 1000 °C. The sizes of the 
graphene flakes range from about 1 µm to several µm. For this experiment, the flow rate 
of CH4 was 20 sccm and the copper foil cleaned by 30% acetic acid was covered by a 
quartz plate. The Raman spectra of these graphene fakes has very large D peaks and low 
2D: G ratios, which indicates that the graphene flakes obtained after a growth time of 5 
seconds are low quality multilayer graphene. The small black dots shown in Figure 2.3(a) 
are contaminants from the CVD system, especially from the mechanical pump without an 
oil trap. The contaminants on the copper surface served as nucleation sites and lead to 
very high nucleation density of graphene. We tried two methods to overcome the 
contamination issues.  One way is to add an oil trap to the mechanical pump. The other 
way is to utilize a secondary container for the sample, which can also effectively reduce 
the contamination. As shown in Figure 2.3 (c) and (d), we placed the sample into a quartz 
test tube, the opening end of which was sealed with copper foils and had a pinhole at the 
center for gas exchange between this secondary container and the CVD growth chamber. 
Figure 2.3 (b) is an optical image of the graphene film obtained from one of the APCVD 
growth experiments with secondary containment. Besides reducing contamination, the 
sealed secondary container also reduced the methane concentration inside it, which 
contributed to the reduction of the nucleation density as well. Nevertheless, one can still 
synthesize graphene films within about one minute with the secondary container under 
similar APCVD growth conditions. The inset of Figure 2.3 (b) is a representative Raman 
spectrum of the graphene film, which has only the characteristic G peak and 2D peak. 
The absence of D peak in the spectrum indicates the high quality of the as-grown 
graphene with many fewer defects than the graphene flakes in the Figure 2.3 (a).  
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2.2.3 Low pressure CVD graphene growth 
By attaching a mechanical pump to the outlet of the growth chamber, we were able to 
conduct low pressure CVD graphene growth experiments with the same CVD system 
used for APCVD growth. After the sample was loaded into the growth chamber, the 
chamber pressure was first pumped down to about 2 mTorr to ensure the proper sealing 
of the system under vacuum. Then, we opened the Ar gas valve and gradually increased 
the Ar gas flow to 500 sccm and let Ar gas flow for about 15 min, which purged out the 
remaining air inside the growth system. Next, we started to heat up the growth chamber 
and followed the same CVD growth procedure as the APCVD growth that was described 
in section 2.2.2. After the LPCVD growth furnace was cooled down to about room 
temperature, we stopped the mechanical pump and filled the chamber with Ar gas until 
the pressure reached to the atmosphere pressure, which was followed by unloading the 
sample. The pressure of the growth chamber during the graphene growth was about 2 
Torr with 500 sccm Ar, 0.5 sccm H2 and 0.5 sccm CH4. The partial pressure of methane 
with 0.5 sccm flow rate was about 10 mTorr. The chamber pressure was monitored by a 
vacuum gauge at the end of the 1-inch quartz tube chamber. The effective carbon 
precursor concentration during our LPCVD growth was significantly reduced due to the 
low chamber pressure. Consequently, the nucleation and growth of the graphene were 
suppressed. The reduced nucleation density on the copper surface allowed graphene 
nuclei to grow into larger graphene flakes. In Figure 2.4, we present the results of two 
LPCVD graphene growth experiments, which were conducted under the same 
experimental conditions except for the growth time. The CH4 flow rate in both cases was 
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50 sccm. After growth, the samples were oxidized in air to obtain better visualization of 
graphene under an optical microscope. The thickness of the oxide layers depends on the 
crystallographic orientation of the copper grain surfaces. As a result, the oxide layers 
with different thickness on different copper surfaces produce different interference 
colors. Copper surface areas covered with graphene are protected from oxidation by 
graphene and can be easily differentiated from the oxidized copper surfaces under an 
optical microscope. Figure 2.4 (a) shows that white graphene flakes were synthesized on 
the surfaces of three different copper grains after a growth time of 45 seconds. The 
morphology and size of the graphene flakes in Figure 2.4 (a) vary depending on the 
crystal orientations of Cu grain surfaces. When the growth time was increased to 90 
seconds, the graphene flakes kept growing and eventually emerged into a polycrystalline 
graphene film as shown in Figure 2.4 (b). Therefore, to reduce the number graphene 
crystal boundaries and improve the quality of graphene films, a general strategy is to 
reduce the nucleation density and grow large size graphene domains. 
In Figure 2.5, we present the experimental results of an LPCVD growth with the CH4 
flow rate of 20 sccm and the growth time of 20 min. There are two samples in Figure 2.5 
(a) and (b). The one on the top (a) is a Cu foil made into a pocket-like structure. Below 
the Cu pocket is the Copper foil sandwiched between two pieces of silicon wafer. As 
shown in Figure 2.5 (c), it is very interesting to notice that the copper foils in direct 
contact with silicon substrates were severely damaged during the high-temperature CVD 
growth. These Si pieces have 300 nm thick silicon oxide layers on them. We speculated 
that the observed damage on Cu foils was due to alloying between Cu and Si at high 
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temperature. Due to the low melting temperature of the silicon copper alloy, the alloy will 
vaporize during the growth process because both the annealing and growth temperatures 
are 1000 °C at least. For the copper foil sandwiched between two pieces of Si wafer used 
in APCVD graphene growth experiments, we also observed similar damage on Cu due to 
alloying with Si. No such damage on Cu was ever observed when Si substrates were 
replaced with quartz substrates.  
Nevertheless, on the sample surface, we still found graphene flakes grown on some areas 
away from the damaged surface areas. As shown in Figure 2.5 (d), the size of the 
graphene domains can reach about 50 µm, which is about 10 times larger than those 
observed in our APCVD experiments. Moreover, as shown in Figure 2.5 (e), we found 
even larger graphene flakes with their sizes reaching about 100 µm grown on the inner 
surface of the Cu pocket structure. In fact, the graphene growth on the surface of the 
copper pocket has a low nucleation density of only about 500 nucleus/mm2. The 
remarkable reduction of nucleation density indicated that with similar growth conditions, 
one could effectively reduce the nucleation density of the graphene growth by using low 
pressure CVD growth instead of using APCVD.    
2.3 Materials and Methods  
Unless otherwise noted, we used 1 mil copper foil (~25 μm thick, 99.8% pure, from Alfa 
Aesar) in a hot-wall CVD system for graphene growth. The Cu foils were cleaned with 
acetone and IPA sonication, each for 30 min, and then rinsed with DI water followed by 
blow drying with nitrogen gas. The as-cleaned copper foil may be further cleaned by 
soaking in ~ 30% acetic acid for 1 to 4 hr. After cleaning with acetic acid, the copper foil 
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was rinsed with DI water and dried with nitrogen gas. The cleaned copper foil was then 
cut into smaller pieces suitable for the CVD growth chamber and different sample 
configurations with Si or fused quartz plates (1 mm thick, from Technical Glass Products, 
Inc.). Depending on the different experiments, the Cu foil might be oxidized on the 
hotplate at 200 °C for 1 to 2 min to form a thin oxide layer on the surface. These Cu foils 
were annealed at ~1000 °C under Ar with or without H2 flow for 15 min to 60 min, and 
we grew graphene with various growth gases, flow rates, growth times, and growth 
temperatures. The resulting substrates were cooled to room temperature under 500 sccm 
gas flow before we opened the CVD growth chamber and unloaded the sample.  
After CVD graphene growth, the as-grown graphene on Cu foils can be directly 
examined by optical microscopy and Raman spectroscopy. Alternatively, in order to 
obtain an easy visualization of the as-grown graphene on Cu foils under an optical 
microscope, most of the samples were oxidized on the hotplate in air at ~ 220 °C for 1 to 
2 min.  
For all the graphene samples, the acquisition of the Raman spectra and the optical images 
of the as-synthesized graphene on the copper substrates or oxidized copper substrates 
used a Horiba LabRAM HR 3D-capable Raman spectroscopy imaging system at 633 nm 
wavelength excitation. Data were collected with an 1800 lines/mm grating, a 100x (0.8 
NA) objective, and a power level below ~10 mW. Experimental parameters include the 
following: laser excitation was 633 nm; 10X, 20X, 50x and 100X objectives were used; 
and the acquisition time was 10 s to 30 s.  
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AFM images were gathered using a Veeco (Bruker) Dimension IV controller with a 
Dimension 3100 head in tapping mode. Si cantilevers with a resonant frequency of 300 
kHz were employed. Scan rates were slower than 1 Hz, and sampling was 512 samples 
per line by 512 lines. Most images were sampled at 1024 samples per line by 1024 lines. 
The Nanoscope 6.14R1 software provided by Veeco was used for analysis of AFM 
images. Sometimes Cu foils were flattened before AFM imaging to ensure good vacuum 















              
             
Figure 2.1 (Top) Photo of the LPCVD system that is used for the study of CVD growth of 
graphene films. Inset is the image of a copper foil on a quartz substrate. (Bottom) The 





Figure 2.2 Schematic of the CVD graphene growth process with different stages. Stage I: 
Temperature is increased to 1000 ⁰C from RT within one hour, with Ar gas flow. Stage 
II: Annealing at 1000 ⁰C for 15 min. Stage III: Growth at 1000 ⁰C. Stage IV: Temperature 







Figure 2.3 The optical images of (a) graphene flakes with sizes less than 10 µm grown in 
the APCVD furnace, and (b) the graphene films grown with a secondary container to 
prevent contamination. Photos of (c) the end of the secondary sealed with copper foil 
with a pinhole at the center and (d) the sample inside the secondary tube. The insets are 





Figure 2.4 Optical images of LPCVD graphene synthesized under the same growth 
conditions but with different growth time: 45 s for (a) and 90 s for (b). The copper foils 





Figure 2.5 Photos of a Cu pocket sample stacked on another Cu foil sandwiched by two 
pieces of Si wafer (a) before and (b) after LPCVD growth. (c) Photo of the copper foils 
that were in direct contact with silicon substrates and damaged due to alloying between 
Cu and Si. (d) The graphene flakes observed on the surface of the copper foil sandwiched 
by two pieces of Si wafer. (e) The graphene flakes observed on the inner surface of the 
copper pocket structure. 
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SELECTIVE AREA CHEMICAL VAPOR DEPOSITION OF 
GRAPHENE ON COPPER 
 
3.1 Introduction  
As we have discussed in Chapter 2, among different methods of generating graphene, 
chemical vapor deposition of graphene [1] has become one of the most promising 
methods for mass production of high quality and uniform graphene films  [2, 3]. 
Remarkable progress has been made recently in the CVD growth of large-size single- 
crystal graphene films. The CVD growth of graphene films has been realized by using 
different transition metals as catalytic substrates such as platinum (Pt), nickel (Ni), 
copper (Cu) and their alloys [4, 5]. Due to its low carbon solubility and low cost, copper 
has become the most commonly used catalytic substrate so far for the CVD growth of 
large-scale high-quality single-layer graphene [5, 6]. A recent study has demonstrated 
that if the as-grown graphene flakes on Cu foils are transferred by a dry delamination 
process using hBN, the mobility of the low-pressure CVD graphene flakes can reach 
350,000 cm2 V–1 s–1, rivaling that of exfoliated graphene [7].  
In order to achieve the large-scale synthesis of high-quality graphene films, especially 
single crystal graphene films, different growth strategies have been taken to develop 
novel CVD methods to meet the challenge. One important strategy is to grow and 
seamlessly stitch multiple aligned graphene domains on special substrates such as 
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hydrogen-terminated single crystal germanium (110) substrates to achieve wafer scale 
single-crystal graphene films [8]. Similar phenomena have also been observed on Cu 
(111) substrates during the CVD growth of graphene [9, 10]. Another important strategy 
is to start from a controlled single nucleus on the catalytic substrate and have it grow into 
large-size single-crystal graphene. The fast synthesis of 1.5-inch high-quality monolayer 
SCG within 2.5 hours has been recently achieved by using a controlled local gas feeding 
technique and special CuNi alloy substrates [11]. Instead of aiming at single crystal 
graphene films with ultra large sizes comparable to 300 mm silicon (Si) wafers currently 
used in the semiconductor industry, another practical approach might be to selectively 
grow device-size or chip-size single-crystal graphene domains on predefined areas of the 
growth substrates. The APCVD growth of highly ordered arrays of single crystal 
graphene flakes on Cu foils was achieved by using PMMA dot arrays pre-patterned by 
electron beam lithography (EBL) as nucleation seeds [12]. The seeded growth technique 
has also been applied to the CVD growth of ordered arrays of other 2D materials [13]. 
However, the selective growth of CVD graphene based on pre-patterned seed materials 
has its own limitations [13]. In the case of PMMA seeds, the quality of single-crystal 
graphene arrays depends on the density, diameter and thickness of the PMMA seed dots 
[13]. The increase of diameters of the PMMA dots can result in polycrystalline graphene 
instead of single crystalline graphene. As the density of the PMMA dots increases, the 
graphene domains can grow into bilayer or few-layer graphene. Moreover, the size of the 




An effective way to increase the size of single-crystal graphene flakes is to introduce 
oxygen to the CVD growth process, which can reduce the nucleation density of graphene 
[14-17]. Recently, it was reported that oxygen on the Cu surface can also promote the 
rate of decomposition of CH4 by reducing the energy barrier of the CH4 dissociation [17-
19]. In fact, the ultrafast growth of single-crystal graphene has been demonstrated by 
using an adjacent oxide substrate to provide a continuous supply of oxygen to the Cu 
surface during the APCVD graphene growth [18]. While the graphene domains grown on 
the Cu surface facing the oxide substrate can reach an average lateral size of ~300 µm, 
the graphene domains observed on other Cu surface areas are about 20 times smaller and 
have a much higher nucleation density [18].   
In this work, we study the effects of quartz substrates on the LPCVD growth of graphene 
and develop a new graphene growth method called selective area chemical vapor 
deposition of graphene (SACVD). This SACVD method is a one-step seed-free growth 
method that can synthesize graphene on selective areas of the copper catalytic substrate 
by using a quartz mask. We study the growth model of the SACVD graphene growth and 
propose a growth mechanism to understand the SACVD growth of graphene. In SACVD 
graphene grows on both the front and back sides of the Cu foil that is sandwiched 
between the quartz mask and substrate. Furthermore, the graphene that grows on both 
sides of the copper foil shares the same pattern as defined by the smaller topside quartz 
mask. Based on this experimental observation, the proposed mechanism is that the 
oxygen released by the fused quartz accumulates sufficiently to promote graphene growth 
only in the regions where both sides of the copper foil are masked by quartz. The high 
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diffusion coefficient of oxygen through copper would prevent this accumulation if quartz 
were placed on only one side of the copper foil. This SACVD method can be applied to 
the growth of an ordered array of large-size single-crystal graphene domains, and 
potentially for the growth of other 2D materials. Based on the SACVD growth of single 
crystal graphene, we also propose a continuous growth method to grow large-size single-
crystal graphene controlled by a moving quartz mask. 
3.2 Selective Area Chemical Vapor Deposition Method 
The LPCVD growth of graphene was conducted with a 1-inch diameter hot wall tube 
furnace. In addition to the standard 1-inch diameter quartz tube that is normally used as 
the CVD growth chamber, we inserted another quartz tube with an inner diameter of 
15mm into the 1-inch diameter quartz tube for most of the growth experiments conducted 
in this study. While the SACVD growth can be conducted with or without the additional 
quartz tube, the secondary quartz tube can help to grow graphene with larger grains in our 
CVD system. Figure 3.1 (a) illustrates the process of the SACVD growth of graphene on 
a copper foil and the sandwiched structure of the copper foil and the quartz plates. For 
simplicity, the hot wall quartz tube CVD chamber is not included in the schematic. A 
typical assembly of copper foils and quartz plates for the SACVD growth is a sandwiched 
structure as shown in Figure 3.1 (a). A piece of copper foil was placed on a quartz 
substrate with its size equal to or larger than that of the copper foil. Another quartz plate 
was placed on the front surface of the copper growth substrate to serve as the mask of the 
SACVD growth. To differentiate the two quartz plates that are used to sandwich the 
copper foil, we refer to the quartz plate beneath the copper foil as the bottom quartz 
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substrate and the quartz plate placed on the copper foil as the top quartz mask. The 
sandwiched structure was then loaded into the quartz tube chamber. After the SACVD 
growth, on the front side of the copper foil, graphene was only selectively synthesized on 
the area under the top quartz mask. On the back side of the copper foil, graphene was also 
selectively synthesized on the copper surface area corresponding to the area covered by 
the top quartz mask on the front side of the copper surface. In other words, the patterns of 
the synthesized graphene on the two sides of the copper foil are similar and both defined 
by the top quartz mask which is smaller than the bottom quartz mask. Our control 
experiments have shown that even if the sandwiched structure is flipped upside down, the 
growth pattern of the graphene synthesized on copper is still determined by the quartz 
mask with a smaller size. In order to increase the yield of each CVD graphene growth 
experiment, the sandwiched structures of copper foil and quartz can also be stacked 
together and inserted into the tube furnace for the SACVD growth at the same time 
without affecting the graphene growth on individual copper foils. In the next few 
sections, we will present the experimental results of the SACVD growth of graphene on 
Cu foils and discuss the growth mechanism. 
3.3 SACVD Growth of Polycrystalline Graphene Films  
The SACVD growth of graphene has been realized under different growth conditions. 
For the LPCVD experiments we conducted, the methane (CH4) flow rate varied from 0.5 
sccm (standard cubic centimeter per minute) to 50 sccm. High methane flow rates can 
lead to rapid growth of graphene films under the quartz masks within minutes. Low 
methane flow rates can slow down the growth process and result in partial graphene 
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coverage on the copper foil under the quartz mask with graphene films or isolated 
individual graphene flakes. We present in Figure 3.2 the experimental results of one 
SACVD growth with a moderate methane flow rate of 15 sccm and a growth time of 60 
min. In this case, we cut out a small piece of Cu foil from the as-received copper foil roll 
and clean it only by sonication in Acetone and IPA solutions, each for 30 min. No 
additional procedures such as acetic acid cleaning and surface oxidation were performed 
for this Cu foil. Figure 3.2(a) is a photo of the sample that was taken out of the CVD 
furnace right after the graphene growth. The copper foil was covered with two pieces of 
quartz plates with different sizes. As shown in Figure 3.2(a), the quartz mask on the left 
is shorter than the rectangular one on the right. The widths of the Cu foil and the quartz 
plates are about 12 mm. After being loaded into the secondary quartz tube in the CVD 
furnace, the sample was heated to 1000 °C within 60 min with 500 sccm Ar flow, and 
then annealed for 20 min with 500 sccm Ar flow and 15 sccm H2 flow before a 15 sccm 
CH4 flow was introduced for the SACVD graphene growth. After the two top quartz 
masks were removed, the surface areas under the masks may display different contrast 
from the uncovered areas when the photo was taken from a certain angle (Figure 3.2(b)).  
To obtain a better optical visualization of the graphene grown on the Cu foil, a simple 
thermal annealing method [20] was used to treat the sample. After the sample was placed 
on a hotplate at about 220 °C for 1 min, the surface of Cu foil not covered by graphene 
was oxidized to form Cu oxides and resulted in significant color changes. The surface of 
Cu foil covered with graphene was protected from oxidation by graphene. The color 
contrast between Cu oxides and Cu leads to an easy visualization of graphene on the 
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growth substrate using optical methods. As shown in Figure 3.2 (c) and (d), the two areas 
under the two original quartz masks that show the metallic copper color with uniform 
contrast can be identified as the areas covered by graphene.  
Besides the visualization of graphene on copper foils, the color contrast on the oxidized 
copper foil surface can also be used to reveal the information about the microstructures of 
the Cu foil. According to the early studies of the oxidation of copper [21-25],  the 
oxidation rate of copper can vary greatly with crystal orientation. For example, the 
relative order of the rates of oxidation of copper crystal faces was found to be (100), 
(111), (110), (311) in decreasing order [21]. When the copper oxide layers become thick 
enough, interference colors can be produced, which in fact were used to determine the 
thickness of the oxide films in the early studies. In general, as the thickness of oxide 
layers increases with time, the produced interference colors change in certain sequences.  
Because the various copper crystal faces oxidize at different rates, copper oxide films of 
different thickness are formed on the various faces. As a result, the different grains of a 
piece of polycrystalline copper foil or difference faces of single crystal copper may show 
different interference colors after oxidation in air, which in fact is a classic example of 
the heat tinting method used in the color metallography study of microstructures [26, 27]. 
Besides the bright-field imaging mode, polarized-light and polarized-light plus sensitive 
tint illumination are often used to improve the contrast for some materials. In some cases, 
switching imaging modes changes only the color scheme of optical images without 
improved image contrast. In our study of graphene growth on copper foil, the system can 
be simplified as a single-phase structure of polycrystalline Cu because graphene is intact 
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during the oxidation treatment. For the single-phase structure, the interference colors are 
related to crystallographic orientations and the degree of preferred crystallographic 
orientation can be estimated from the range of colors produced by oxide films formed on 
different crystal grain surfaces [27]. As indicated in Figure 3.2 (c) and (e), the 
synthesized graphene did not fully cover the area under the two top quartz masks. In fact, 
the graphene areas were surrounded by a reddish-brown contrast with a width of several 
millimeters, which we called the transition region for the SACVD graphene growth. The 
surface area between the left and right graphene covered areas in Figure 3.2 (e) has a 
colorful contrast, which indicates the copper grains with different orientations and sizes. 
To determine the specific crystal orientation of the copper grains would require a study 
with EBSD. In addition to the SACVD growth of graphene on the front side of the copper 
foil, we observed graphene grown on the back side of copper foil as well. More 
interestingly, as shown in Figure 3.2 (d) and (f), the graphene growth on the back side 
shared the similar pattern with the SACVD graphene on the front side.  
Figure 3.3 (a) is the bright field image of the graphene grown on the area close to the 
transition region, in which the copper covered by graphene displays as light blue color 
contrast and the transition region on the left-hand side has a dark purple color due to the 
oxide film formed there. A magnified optical image (Figure 3.3 (b)) further reveals that 
there are a large number of etched holes (green color) on the graphene film (light blue 
color) due to the etching effect of hydrogen gas [28]. Most of the holes are hexagons or 
have inner angels equal to 60° or 120°, which is consistent with the 2D hexagon crystal 
lattice of graphene. The random orientations of these etched holes indicate that the 
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graphene film is polycrystalline in nature. Away from the transition boundaries, graphene 
coverage increases rapidly towards the center area (Figure 3.3 (b)) and finally forms a 
nearly complete polycrystalline graphene film as shown in Figure 3.3 (c).  
3.4 SACVD Growth of Large-Size Single-Crystal Graphene  
To reduce the nucleation density and increase the size of single crystal graphene domains 
synthesized by SACVD, we tried different experimental parameters and took extra steps 
for Cu foil pretreatment [29]. We found out that the size of single crystal graphene can 
increase greatly with decreased methane flow rates. Increasing growth temperature can 
also lead to larger graphene domains. Figure 3.4 shows the experimental results of one 
SACVD growth of large-size single-crystal graphene domains. In this case, the CH4 flow 
rate is reduced from 15 sccm to 0.5 sccm and the growth temperature increased to 1050 
°C. To further reduce the nucleation density, we also cleaned the Cu foil with 30% acetic 
acid and oxidized the Cu foil at 200 °C for 2 min to introduce oxides on the Cu surface, 
which has been reported by several groups as an effective way to clean Cu foil for CVD 
graphene growth [29].  Two single-crystal graphene flakes with different morphologies 
are shown in Figure 3.4 (a) and (b), the sizes of which reached more than 500 µm. 
Optical images of the graphene flakes at higher magnification reveal that there are etched 
hexagonal holes on the graphene surface as shown in Figure 3.4 (c). The edges of those 
etched hexagonal holes on this graphene domain are found to be aligned to a specific 
crystallographic orientation of 2D graphene crystal lattice, which indicates that the 
synthesized 0.5 mm size graphene flakes are single-crystalline in nature. Figure 3.4(d) is 
a representative Raman spectrum of the graphene flake. There are only 2D and G peaks 
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in the spectrum and no D peak is detected, which indicates the high quality of the as-
grown graphene on copper. Atomic force microscopy (AFM) was further employed to 
characterize the graphene domains with etched holes. The height image (Figure 3.5(a)) 
shows that there are wrinkles formed on the area covered by graphene due to the thermal 
annealing effect of the CVD process. Because graphene and copper are different 
materials, the phase image of the same area (Figure 3.5(c)) provided a higher contrast 
between the surface covered by graphene and the exposed copper surface. The etched 
hole is hexagonal due to the 2D graphene lattice and has smooth edges at the nanoscale. 
In Figure 3.5 (d-f), we imaged two hexagonal holes on graphene after the sample was 
oxidized in air for optical visualization of graphene on copper. The oxidized copper 
surface becomes rougher as shown in the AFM images. The edges of the two hexagonal 
holes are found to align to the crystal orientations of graphene’s 2D hexagonal lattice.  
3.5 Growth Model and Mechanism of SACVD Graphene Growth 
In this section, we propose the growth model as well as the growth mechanism of the 
SACVD method based on our experimental observation. At the early stage of the CVD 
graphene growth on copper, the nucleation of graphene on the catalytic surface occurs 
when the carbon species on the active sites are oversaturated. In other words, the carbon 
source supply must reach a certain level to enable graphene nucleation and growth. For 
the SACVD graphene growth method we developed under LPCVD conditions, the 
observed graphene nucleation and growth under the quartz mask are directly related to 
the oxygen released from the quartz. Figure 3.6 (a) is the schematic to illustrate the 
growth kinetics of our graphene growth. Similar to the case of the ultrafast graphene 
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growth under APCVD conditions [18], the oxygen concentration in the constrained space 
between the quartz and the copper foil with a very narrow gap can be maintained at a 
certain level due to the continuous supply from quartz and the trapping effect of the 
constrained space. Moreover, the sandwiched structures used for SACVD employ a 
second quartz plate on the backside of the copper foil to help maintain the oxygen 
centration at a sufficient level. In addition, the high aspect ratio between the lateral size 
of the quartz mask (several centimeters) and the narrow gap size (several micrometers or 
less) greatly increases the probability of oxygen being attached to the copper surface 
compared with the probability of oxygen escaping from the gap through diffusion. 
Consequently, the oxygen attached to the copper catalytic surface can then promote the 
dissociation of CH4 by lowering the energy barrier for dissociation, and hence increase 
the carbon source concentration to a level high enough to promote graphene nucleation, 
which is otherwise impossible without the help of oxygen. Due to the escaping effect at 
the edges of the quartz mask, the oxygen level around the edges may be considerably low 
and hence insufficient to promote graphene nucleation and growth. In fact, the graphene 
covered areas observed in our SACVD experiments are always smaller than the areas 
covered by top quartz masks. In Figure 3.6, we present the results of the two special 
sandwiched structures. For the one on the left-hand side, a 1 mm diameter pinhole was 
drilled in the center of the top quartz mask. After SACVD growth, corresponding to the 
position of the pinhole, a circular area on the copper surface with the diameter of about 3 
mm has no graphene growth inside it (Figure 3.6(e)) but has graphene flakes surrounding 
it (Figure 3.6(g)). A similar circular area was also observed on the back side of the copper 
foil as shown in Figure 3.6(f). For the sandwiched structure on the right-hand side, the 
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slanted top quartz mask was used to increase the gap size gradually from the right-hand 
side to the left-hand side. After the CVD growth process, a triangular shaped pattern, 
outlined with a white dashed line in Figure 3.6, was observed on the copper surface after 
the copper foil was oxidized in air. The formation of this triangular region is directly 
related to the oxygen released from the quartz plate and likely indicates the distribution of 
the oxygen concentration under the slanted quartz mask. However, as shown by the color 
contrast of this region displayed on the optical images of both front and back sides of the 
copper foil after the oxidation treatment, most of this area is not covered with graphene 
and the oxide films formed on the exposed copper surface produce interference colors 
different from the metallic copper color.  
The mismatch between the pattern observed on oxidized surface and the actual area 
covered with graphene can be further revealed with an experiment using a top quartz 
mask with an irregular shape as shown in Figure 3.7 (b). After the sample was oxidized in 
air, similar patterns were obtained on both the front and back side of the copper foil 
(Figure 3.7 (c-d)). The magnified optical image of the left end of the color pattern shows 
that the area was only partially filled with small graphene flakes (Figure 3.7(e)). The 
pattern on the back side is very similar to that on the front side even in the magnified 
optical image (Figure 3.7 (f)). The only difference is that the graphene flakes on the back-
side surface are significantly larger than those on the front side. The growth of similar 
patterns on both sides of the copper foil after SACVD growth is due to the fast diffusion 
of oxygen through the thin copper foil. At elevated temperature, the diffusion coefficient 
of oxygen in copper can increase greatly [29-31]. According to Ref. [31], the value of the 
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impurity diffusion coefficient of oxygen in copper can reach about 3x10-9 m2/s at ~1000 
°C. Given that the thickness of the copper foil used for the SACVD study is about 25 µm, 
the diffusion time of oxygen estimated from the Einstein–Smoluchowski equation is less 
than 1 s, which is much less than the time frame of the SACVD graphene growth. 
Because of the fast diffusion of oxygen through the 25 µm thick copper foil, it is 
necessary for the SACVD method to use two quartz plates to form a sandwiched structure 
with the copper foil. Without the bottom quartz substrate, the oxygen released by the top 
quartz plated and adsorbed on the front surface of the copper foil may quickly diffuse to 
the back surface of the copper foil and get exposed to the gas flows of Ar, H2 and CH4 in 
the tube furnace. As a result, the oxygen level on the front surface facing the top quartz 
mask will be reduced significantly due to the continuous loss of oxygen on the back side 
of the copper foil. On the other hand, the sandwiched structures with two quartz plates 
can provide a well constrained space to maintain a sufficient amount of oxygen to 
promote the nucleation and growth of graphene on both front and back sides of the 
copper foil. The size of the constrained space is consequently defined by the smaller of 
the two quartz plates. Consequently, graphene can be selectively grown on the copper 
surface by controlling the top quartz mask. On one hand, the fast diffusion of oxygen 
through the copper foil requires the bottom quartz substrate to preserve the oxygen 
concentration at a level sufficient to promote graphene nucleation and growth. On the 
other hand, the fast diffusion of oxygen helps to keep the oxygen concentration on both 
sides of the copper foil at a similar level so that the graphene growth pattern on the back 
side is also limited by the top quartz mask.  
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A set of experiments replacing quartz plates with porous quartz frits provided further 
evidence for this explanation. As shown in Figure 3.7 (g), we used a 10 mm diameter 
quartz frit with a porosity of about 4 - 14 µm as the top mask of the sandwiched structure. 
The quartz frit has a quartz plate placed on the top as a weight. After the SACVD growth 
process and the oxidation treatment, circular patterns due to oxidation can be observed on 
the sample surface area under the quartz frits (Figure 3.7 (g)), which indicates there is no 
graphene growth on this area. Further analysis of the sample with optical images and 
Raman spectra confirmed there was no graphene growth on the copper foil under the 
quartz frit. The circular patterns observed on the oxidized copper foil shown in Figure 
3.7(g) indicate that the oxide substrate may have some unknown effects on the copper 



























Figure 3.2 Optical photos of a sample after SACVD growth. (a) The copper foil covered 
with two quartz plates after graphene growth. (b) The sample with the top quartz masks 
removed. (c) The front side and (d) back side of the copper foil being oxidized in air for 










Figure 3.3 Optical images of the graphene films grown on the oxidized copper surface 
after SACVD growth. (a) and (b) Graphene film that is close to the transition region. (c) 





Figure 3.4 (a) and (b) Optical images of two large-size single-crystal graphene flakes 
synthesized on the copper surface with different morphologies. (c) Optical image of 
graphene with etched hexagonal holes whose edges are oriented along a specific 




Figure 3.5 Top row: atomic force microscopy images of the as-grown graphene on the 
copper surface with an etched hexagonal hole at the edge: (a) height image, (b) amplitude 
image, and (c) phase image. Bottom row: atomic force microscopy images of the as-
grown graphene on the oxidized copper surface with etched hexagonal holes: (d) height 








Figure 3.6 (a) A schematic of the growth model for the SACVD growth of graphene on 
the copper surface. (b) Top view photo, (c) side view photo, and (d) a schematic 
illustration of a special sample setup. Front side (e) and backside (f) photos of the as-
grown graphene on copper after a post-growth thermal treatment. (g) Optical image of the 
upper rim of the circular area (enclosed by white dashed line) in (e) showing the interface 





Figure 3.7 (a) A schematic illustration of the SACVD growth mechanism based on the 
fast diffusion of oxygen through the thin copper foil. (b) Photo of the sample with an 
irregular shaped mask. (c) Front side and (d) back side photos of the copper foil after 
oxidation. (e) and (f) Optical images of the area outline with circular dashed lines in (c) 
and (d), respectively (45X magnification). (g) Photos of the sample with a quartz frit as 
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ATOMIC FORCE MICROSCOPE TIP-BASED 
NANOLITHOGRAPHY OF GRAPHENE 
 
4.1 Introduction  
Since this 2D atomic crystal was first isolated from graphite by mechanical exfoliation in 
2004 [1], it has sparked extensive research work from fundamental studies to potential 
applications in a variety of fields from electronics to biomedicine [2-3]. Graphene has a 
range of intriguing material properties, such as ultrahigh mechanical strength, electron 
mobility and thermal conductivity [4-5]. These extraordinary properties make graphene 
one of the most promising materials for post-Si electronics, which can be used as both 
channel materials and interconnects [6-7]. Besides graphene, there are other 2D atomic 
crystal materials such as isolated monolayers and few-layer crystals of hexagonal boron 
nitride (hBN), molybdenum disulfide (MoS2), other transition metal dichalcogenides and 
layered oxides [8]. Recently so-called van der Waals heterostructures and devices, 
especially those based on graphene, have been fabricated by stacking different 2D 
crystals layer by layer in desired sequences to obtain unprecedented properties [9-10]. 
The absence of an electronic bandgap, however, is one major limitation of graphene for 
its application in digital transistors [11-12]. A few methods have been developed to open 
up a bandgap in graphene. Applying an electric field to bilayer graphene can break the 
symmetry of the bilayer stack and induce a small bandgap with a maximal value of 
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approximately 0.2 eV [13]. Chemical functionalization of graphene can also be utilized to 
perturb its electronic structure for bandgap opening in graphene. For example, fluorinated 
graphene was reported to have a bandgap of about 3 eV [14-15]. Another way to 
effectively open a bandgap in single layer graphene is to constrict the lateral dimensions 
to produce one-dimensional graphene nanoribbons (GNRs) [16-17].  The bandgap of 
graphene nanoribbons due to quantum confinement roughly scales inversely with the 
ribbon width. A number of fabrication techniques have been explored to obtain GNRs 
with varying degrees of control over size, edge roughness, edge passivation, scalability 
and other factors [18-19]. The conventional top-down techniques such as 
photolithography and e-beam lithography [20] typically use oxygen plasma to etch 
graphene and hence only obtain GNRs with relatively rough and defective edges, which 
significantly degrade GNRs’ quality and performance. On the other hand, bottom-up 
techniques can produce short GNRs with sub-10nm width and smooth edge through 
direct organic synthesis on metal surfaces [21-23] or in solution [24-25].  However, it is 
difficult to implement controlled transfer and precise placement of the obtained short 
nanoribbons of ~20 nm length onto the desired substrate.  Another unique way to produce 
GNRs with well-defined smooth edges is to etch graphene along crystallographic 
orientations with thermally activated nanoparticles [26]. Catalytic gasification of graphite 
using metal particles was studied a few decades ago [27]. Both multilayer and single 
layer channels with zigzag or armchair edges can be produced by etching graphite along 
specific crystallographic orientations [28-32]. More recent studies also show that a 
number of nanoparticles such as Ni [33, 34], Fe [35], Co [36, 37] and SiOx [38] can 
enable catalytic hydrogenation etching of single or few layer graphene along 
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crystallographic directions. Catalytic etching of graphite by silver nanoparticles in 
oxygen can occur at a lower temperature with higher etch rate but results in more 
irregular channels [39].   
Unconventional lithography techniques based on scanning probe microscopy have been 
used for GNR fabrication [26].  Scanning tunneling microscopy not only can image the 
crystal lattice of highly orientated pyrolytic graphite (HOPG) surface but also can be used 
to etch graphite along desired crystallographic orientations to produce sub-10nm GNRs 
[40]. The etching mechanism of this STM lithography technique is that a negatively 
biased STM tip can promote a localized reaction between graphite and water condensed 
on its surface [40, 41].  Based on a similar mechanism, conductive AFM tips have also 
been used to cut through multiwall carbon nanotubes on an HOPG substrate [42] and etch 
an HOPG surface [43]. More recently another SPM lithography technique based on 
heated AFM tips has been developed to fabricate reduced graphene oxide (rGO) 
nanoribbons on graphene oxide by local thermal reduction of single layer graphene oxide 
[44]. The rGO regions can be four orders of magnitude more conductive than graphene 
oxide. This thermal reduction process, however, cannot fully convert graphene oxide 
back to pristine graphene. 
The electronic properties of narrow graphene nanoribbons with sub-20 nm widths also 
depend on edge structures such as crystallographic orientation [45-48]. However, the 
narrow ribbons fabricated so far usually suffer from disordered edges that cause poorly 
defined bandgap and largely degraded carrier mobility. GNRs produced by direct organic 
synthesis or catalytic nanoparticle etching may have edges with specific crystallographic 
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orientations, but these techniques have no control over the precise placement of GNRs on 
desired substrates. The nanoscale control afforded by scanning probe microscopes has led 
to the development of a variety of scanning probe-based patterning methods. This chapter 
explores AFM-tip based nanolithography techniques for controlled fabrication of 
graphene nanostructures such as GNRs with clean and smooth edges. Different types of 
localized chemical reactions, such as electrochemical oxidation and catalytic etching, can 
be induced by AFM tips under different conditions. In the following sections, we will 
summarize the results of some work that has already been completed, and then describe 
the proposed follow-up experiments that will build upon these results.  
4.2 Experimental Methods  
The atomic force microscope used in this study is a Digital Instruments 3100 AFM (now 
Bruker) with a Dimension IV controller. Tapping mode AFM imaging was performed 
using Si cantilevers with ~325 kHz resonant frequency and ~ 40 N/m spring constant 
(HQ:NSC15/Al BS, from NT-MDT). Conductive AFM experiments were implemented 
with silicon cantilevers coated with 5 nm Cr adhesion layer and 25 nm Pt layer (Budget 
Sensors ContE-G tips; nominal k= 0.2 N/m, f=13 kHz, probe radius < 25 nm).  The 
heated AFM tips used in the study are made from single-crystalline silicon [49]. The 
detailed fabrication process can be found in previous work from King’s group [50-53]. 
The heated AFM tip consists of highly doped cantilever legs and a low doped micro 
heater region at the end of the cantilever. An applied current passing through the low 
resistive cantilever legs induces joule heating at the highly resistive micro heater region. 
The heated AFM tip is capable of reaching up to 1000 °C [49]. 
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To perform AFM experiments in a controlled gas environment, we built a special 
homemade air-tight closed AFM fluid cell. Experiments involving flammable hydrogen 
gas can be safely conducted with this air-tight closed AFM fluid cell. The details of the 
fluid cell will be described in the following section.   
SEM images were taken by a field-emission environmental scanning electron microscope 
(FEI: ESEM-FEG from FEI) equipped with energy-dispersive spectroscopy (EDS) at 10 
kV or 20 kV to characterize the conductive AFM tip apex before and after the 
experiments.   
Highly oriented pyrolytic graphite (HOPG) samples (YZA grade, SPI Supplies) were cut 
and cleaved into 5 mm by 5 mm pieces. A small HOPG piece was then mounted onto a 
stainless steel metal disk of 15mm in diameter (SPI Supplies) using super glue or 
nonconductive double-sided adhesive disks (SPI Supplies) made from a material ideally 
suited for the mounting of samples for AFM studies. The black carbon double sided 
adhesive normally used for SEM studies should be avoided due to its relatively low 
viscosity. After the sample was mounted on the metal disk, the extra double-sided 
adhesive was removed by Scotch tape and a razor blade. Before the experiment, the 
mounted HOPG sample needs to be cleaved by Scotch tape to produce a fresh clean 
surface. For the conductive AFM experiment, extra preparation steps were taken to 
produce a conductive path from the HOPG sample to the external current source. 
Specifically, we applied conductive silver paint (SPI Supplies) on one side of the 
mounted HOPG sample to electrically connect it to the stainless steel disk. Another 
stainless steel metal disk was mounted on the bottom of the closed fluid cell using the 
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non-conducive double-sided adhesive (SPI Supplies) and connected to the bottom fluid 
cell via conductive silver paint. These two metal disks were connected by a conductive 
wire with two small rare-earth disc magnets (NSN0592, MAGCRAFT) bonded to its two 
ends by conductive silver epoxy. The disc magnets have conductive coatings of nickel-
copper-nickel.  
Graphene used in the study was grown by chemical vapor deposition (CVD) on 25 μm 
thick polycrystalline Cu foil (Alfa Aesar) in an Atomate hot-wall CVD furnace using a 
mixture of Ar, H2, and CH4. Cu foil was first cleaned with diluted HCl and annealed at 
1000 °C under Ar/H2 gas flow, which enabled the removal of the surface oxide and an 
increase in the average size of the Cu grains. Graphene was grown for 25 min at 1000 °C 
with 75 to 100 sccm of CH4 and 50 sccm H2. The process used to transfer the grown 
CVD graphene films to other substrates utilizes a bilayer of poly(methyl methacrylate) 
(PMMA) coating to protect the graphene and provide structural support during the 
etching of the Cu growth foil, DI water rinsing steps, and subsequent transfer to the target 
substrate. After the PMMA/graphene film was on the substrate, PMMA was dissolved in 
chloroform for at least 1 hour or overnight. Annealing of the transferred CVD graphene 
on SiO2/Si samples in Ar/H2 atmosphere at 400 °C was then performed to remove residue 
from the PMMA-based transfer. More details of the graphene growth and transfer 





4.3 Experimental Results and Discussion 
We have demonstrated the fabrication of different graphitic nanostructures with 
negatively biased AFM tips under ambient conditions. Depending on the experimental 
parameters such as tip speed and bias voltage, electrochemical oxidation or etching of 
graphite can be induced by AFM tips operated in contact mode. The meniscus formed 
between the tip and graphite serves as a nano-electrochemical cell to confine the 
reactions at the nanoscale, and leads to the formation of graphitic nanostructures. Based 
on our observations, we will discuss the mechanism of the AFM tip-based local anodic 
oxidation lithography and try to delineate the details of the electrochemical oxidation and 
etching process of graphite induced by a negatively biased AFM tip under ambient 
conditions.   
We also explored the possibility of controlling the catalytic etching process by using the 
AFM tip to thermally induce a localized reaction between graphene and hydrogen. We 
conceived two ways to obtain a localized heat source using AFM tip. One way is to use a 
heated AFM tip [55, 56]. In this case, the resistive microheater at the end of the AFM 
cantilever is heated by joule heating. As a result, the AFM tip and its apex are also heated 
through thermal conduction. Another way is to use the joule heating naturally occurring 
at the nanocontact area between the tip apex and the conductive substrate when electrical 
current passes through it. A recent research work has demonstrated that the local catalytic 
etching of suspended graphene in air can be induced by silver-coated AFM tips [57]. 
Compared with the former method, nanocontact heating may provide a more localized 
heat source to induce nanoscale chemical reactions under the AFM tip. In this section, we 
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will provide a summary of some experiments that we have tried using the AFM tip to 
thermally induce localized catalytic gasification reaction between graphene (or HOPG) 
and hydrogen gas. The catalytic etching process requires a high reaction temperature 
above 750 °C at least, which really pushes the limit of the operation temperature of 
heated AFM tips. After much trial and error, we observed etching of HOPG in hydrogen 
induced by heated AFM tips. Less pronounced etching effect on single layer graphene 
indicates the stronger interaction between graphene and the SiO2/Si substrate. During the 
experiments, the heated AFM tips may have caused the partial hydrogenation of graphene 
in the hydrogen gas environment and the degradation of graphene’s mechanical 
properties. Hence, the subsequent AFM imaging in contact mode resulted in the 
formation of graphene trenches due to mechanical scratching with AFM tips. Our results 
suggest that given the experiment conditions we have used, the replacement of silicon 
with a more reactive metal such as nickel or cobalt would increase the catalytic etching 
rate and provide better control of the localized etching process. We also studied the 
nanocontact between a conductive AFM tip and HOPG. Our measurement results are 
consistent with the literature. In addition, we found that a significant amount of heat can 
be generated at the nanocontact area due to joule heating. Unlike the heated AFM tips 
that require much more complicated fabrication process, normal conductive AFM tips 
used for the nanocontact heating method are commercially available or can be readily 
coated with various catalytic metals. While catalytic etching reactions require a 
temperature above 750 °C at least [26], direct organic synthesis of GNRs on metal 
surfaces only requires temperatures around 400 °C [21-23]. The techniques that we 
developed in this section for applications in the high temperature regime can potentially 
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be well applied in the proposed experiments that require much lower reaction 
temperatures.   
4.3.1 AFM tip-based nanolithography under ambient conditions 
In this section we present the results of both electrochemical oxidation and 
electrochemical etching of HOPG induced by AFM tips under ambient conditions, and 
discuss the mechanism of the formation of different nanostructures. Under ambient 
conditions, a water meniscus forms when an AFM tip is in contact with the graphite 
surface [58]. The local oxidation experiments are conducted with platinum coated 
conductive AFM tips in contact mode. Figure 4.1 shows the AFM images of different 
graphitic nanostructures fabricated by negatively biased AFM tips. With the relative 
humidity of 24%, a line of graphitic oxide was formed on HOPG surface with the tip bias 
of -4 V and tip speed of 250 nm/s. As shown in Figure 4.1(a), the height of the graphitic 
oxide line is about 0.9 nm and the full width at half maximum (FWHM) is around 8 nm. 
Similar to STM lithography under ambient conditions [40, 41], negatively biased AFM 
tips can also form etched trenches on the graphite surface. Figure 4.1(b) shows an etched 
trench on a HOPG surface with the depth of ~ 2 nm and the FWHM of ~ 27 nm. The 1 
µm long trench formed within 4 seconds with the tip speed of 250 nm/s. A graphitic 
nanoribbon can also be fabricated by etching two trenches close to each other with 
negatively biased AFM tips. Figure 4.1(c) shows a graphitic nanoribbon formed between 
two etched trenches with the narrowest width of ~ 12 nm and the length of ~ 1.25 µm. In 
this case the two etched trenches were formed by the AFM tip with the tip bias of -6 V 
and with a possible double tip structure. The inset shows the zoom-in AFM image of the 
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area inside the white rectangle on Figure 4.1(c). As shown in both the inset and the line 
profile, small protrusions have been observed at the edges of the etched trenches in this 
case, which are likely the graphitic oxides due to incomplete electrochemical etching 
reactions at the edges. Although such protrusion features were not always observed at the 
edges of etched trenches in AFM images, this phenomenon indicates that the 
electrochemical oxidation might be the intermediate reaction of the electrochemical 
etching induced by negatively biased AFM tips under ambient conditions.      
We further studied the mechanism of the electrochemical oxidation and etching process 
of graphite induced by the negatively biased AFM tips under ambient conditions. 
According to the studies using normal three-electrode cells, the standard potential of the 
electrochemical oxidation of carbon by water molecules is 0.207 V vs. normal hydrogen 
electrode (NHE) [59, 60].                                
C + 2H2O  CO2 + 4H
+ + 4e−    E0 = 0.207 V vs NHE                                  (1) 
Matsumoto et al. studied the oxidative corrosion of the surface of HOPG in 0.1 M HClO4 
solutions at room temperature [60]. The rate of this oxidation reaction is very slow. When 
the anode potential vs. NHE was below 1.2 V under inert (N2) atmospheres, there was no 
topographical change observed after 1 hour from STM images. They observed that 
oxidation of HOPG initially occurred at step edges with bright spots being observed in 
STM images and then progressed toward terraces. Moreover, they found that the presence 
of platinum and oxygen strongly enhances the oxidative corrosion of HOPG, which may 
also play an important role in the AFM tip-induced local anodic oxidation under ambient 
conditions. The XPS experiments detected the intermediates Cx-OH, Cx-O and Cx-
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1COOH. Based on the XPS spectrum of the oxidized HOPG surface, the reaction can be 
rewritten as: 
Cx + H2O  Cx-OH + 2H
+ + e− 
Cx-OH  Cx-O + H
+ + e− 
Cx-O + H2O  Cx-1COOH + H
+ + e− 
      Cx-1COOH  CO x-1 + CO2 + H
+ + 2e− 
where Cx denotes carbon atoms in the lattice. While the anode reaction could also be C + 
H2O  CO + 2H
+ + 2e−, the reaction at the cathode is 2H2O + 2e
− 
 H2 + 2OH
- [61]. 
Platinum is the cathode material used for normal hydrogen electrode (NHE) and the 
aforementioned electrochemistry studies [59, 60]. Proton reduction on platinum has a 
high intrinsic exchange current density and platinum has the capability to catalyze the 
reaction of proton reduction. Taking into account the electrochemical nature of AFM tip-
induced reactions on HOPG under ambient conditions, among the different types of 
conductive AFM tips such as doped Si tips and Pt/Ir coated tips, we choose to use the 
AFM tips coated with platinum for our study. The formation of a water meniscus 
between the AFM tip and sample surface is critical for the local anodic oxidation. To 
maintain a stable water meniscus, we choose to conduct all the oxidation and etching 
experiments with the AFM tip operated in contact mode instead of tapping mode. 
Because the contact mode tips we used have a small spring constant of ~ 0.2 N/m, which 
is 200 times smaller than that of tapping mode tips ~40 N/m, the soft contact mode tips 
help to minimize the force applied on the HOPG surface by AFM tips in contact mode. 
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The obtained nanostructures are first imaged in situ in contact mode using the same tip 
for nanolithography and then imaged again with other tips in tapping mode.  
Based on our study of the dependence of the formation of graphitic oxidation lines on tip 
bias, we found that there is a threshold tip bias for a given lithography tip speed, below 
which there is no oxidation line observed. With the same tip speed of 200 nm/s, a series 
of nanolithography experiments were conducted with varying tip bias. As shown in 
Figure 4.2(a), the thirteen attempted lithography paths are labeled as numbers with the 
white arrows indicating the directions of tip movement. With the tip bias around 4 V, 
there are well-defined oxidation lines. The line #5 obtained with the tip bias of -3.5 V is 
barely visible. Figure 4.2(c) shows the dependence of the height and FWHM of the oxide 
lines on the AFM tip bias. With the tip bias being further reduced to -2.5 V, there is no 
oxidation line observed for the attempted lithography path #9. However, when the tip 
speed is reduced from 200 nm/s to 10 nm/s, the oxidation features along the path #10 can 
be observed. With the same tip speed of 10 nm/s, increasing the tip bias to -2.75 V results 
in the oxidation line #11 with the height of ~0.6 nm, which is larger than that of line #5. 
The dependence of the so-called threshold voltage on the lithography tip speed indicates 
that the electrochemical oxidation process induced by the tip is progressive and the extent 
of reaction and the reaction products depend on the reaction time. For example, as shown 
in Figure 4.3(a), the graphitic oxide lines fabricated with the same tip bias but different 
tip speeds have different morphologies. The height of oxide lines, which indicates the 
extent of oxidation reaction, increases with decreasing tip speed for a given tip bias, 
which is plotted in Figure 4.3(b). As to the chemical compositions of the graphitic oxide 
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lines, we think they are similar to the intermediates of carbon oxidation Cx-OH, Cx-O and 
Cx-1COOH detected by the aforementioned XPS experiments [60]. Cx denotes carbon 
atoms in the lattice. The damage to the oxide line #1 as pointed out by the black arrows in 
Figure 4.2(a) is further evidence that the line is graphene oxide, not materials deposited 
from the tip. The formation of graphitic oxide can cause stains accumulated on the 
graphite surface [60] and hence the oxide parts can be more easily removed by the 
contact mode scanning than graphene. 
Instead of forming graphitic oxide lines, with proper tip biases and tip speeds, 
electrochemical etching of graphite produces volatile reaction products CO or CO2 and 
forms etched trenches. Figure 4.4(a) shows the AFM image of the trenches etched with 
the same tip bias but different tip speeds. Both the depth and FWHM of the etched 
trenches decrease with increasing tip speed. With the tip speed increased to 1.25 µm/s, 
the fourth attempted lithography process only etches a small hole at the beginning, which 
may indicate the break of the water meniscus. However, the dependence of the depth and 
FWHM of the etched features on the AFM tip speed shown in Figure 4.4(d) is similar to 
that in Figure 4.4(c) for the etched trenches. The damage to the graphene lattice around 
the etched trenches in Figure 4.4(a) is caused by the removal of graphitic oxides at the 
edges of the trenches during the contact mode scanning, which is similar to the damage to 





4.3.2 AFM tip-based nanolithography in controlled gas environment 
In this section we present the results of some experiments conducted in controlled gas 
environment. In order to safely perform the catalytic etching experiments in hydrogen 
environment, we designed a special air-tight closed fluid cell for our DI Dimension 3100 
AFM. Hydrogen gas is a flammable gas with NFPA 704’s highest rating of 4 on the 
flammability scale. When mixed with normal air, as low as 4% hydrogen gas can ignite 
due to the oxygen in the air. In addition, the temperature for catalytic particle etching of 
graphite can reach up to 1000 °C, much higher than the autoignition temperature of 
hydrogen gas (500°C). So, it is critical to have a proper apparatus to carry out 
experiments safely with a high temperature heating source in hydrogen gas environment. 
Considering the complicated electronics of our AFM scanning head including laser and 
high voltage control of the piezoelectric scanner, we decided not to build a big 
environmental control chamber to enclose the whole AFM in a hydrogen environment. 
Instead, we designed a small size fluid cell to fit in the space between the AFM scanning 
head and the motorized sample stage. The fluid cell can simply be attached to the 
scanning head to replace the normal AFM tip holder during the experiment and be 
removed after the experiment. In this way, the fluid cell is completely isolated from the 
electronics of the DI 3100 AFM to further ensure hydrogen safety. Figure 4.5(a) shows 
the AFM fluid cell attached to the AFM scanning head.      
To accommodate the movement between AFM tip and sample, we have to solve the 
dynamic seal problem for the air-tight AFM fluid cell. Different from the big 
environmental control chamber, our fluid cell, which is attached to the end of the AFM 
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scanning head, has only the AFM tip and the sample inside. A rigid static seal will not 
allow any movement between the AFM tip and the sample. For a normal AFM 
measurement, however, there are two types of relative movement between AFM tip and 
sample. First the sample is moved by the motorized sample stage to find an interesting 
area to be imaged by the AFM tip. This type of movement ranges from several 
micrometers up to several centimeters. The second type is the movement of AFM tip 
controlled by the piezoelectric scanner for AFM imaging, which is normally less than 
several tens of micrometers. In the case of DI 3100 AFM, the piezo scanner controls the 
X, Y and Z movement of the tip during AFM scanning and the sample is fixed on the 
stage. Taking into account the relative movement between the tip and the sample as well 
as the tight space between the scanning head and the sample stage, we choose to use 
rubber latex membranes as the flexible diaphragm to provide a dynamic seal for the 
closed AFM cell. Figure 4.5(b) shows that the top half cell with the flexible diaphragm 
and the bottom cell with sample holder that are attached together to form a closed cell by 
a static mechanical seal using O-rings and screws. Figure 4.5(c) shows the inside of the 
top half cell integrated with the AFM tip holder and electrical connections. This air-tight 
AFM fluid cell can provide a controlled gas environment for the experiments described 
below. 
The silicon heated AFM tip we used in the study has a low doped region at the end of the 
cantilever as shown in the schematic diagram (Figure 4.6 (a)). As shown in the SEM 
image (Figure 4.6(b)), it has a long cantilever with a length of a few hundred 
micrometers, which is typical for contact mode AFM cantilevers. The spring constants of 
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heated AFM cantilevers are typically about 0.3 N/m, two orders of magnitude smaller 
than the spring constants of normal silicon tapping mode tips (40 N/m). The tip radius of 
heated AFM tip is about 25nm. Electrical and thermal characterizations of a typical 
silicon microcantilever heater are shown in Figure 4.6(c). As the applied voltage or 
current increases, the resistance of the microheater will first increase due to the decreased 
carrier mobility in doped silicon with increasing temperature. When the temperature 
reaches the so-called “thermal runaway” temperature, which is typically 500 °C to 600 
°C [49], the resistance will decrease due to thermally generated intrinsic carriers. The 
resistance of heated silicon cantilevers was generally stable below ~ 400 °C after certain 
self-heating cycles [55]. Applications of heated AFM tips so far usually have the micro-
cantilever heaters operated at relatively low temperatures [56], which are below so-called 
thermal runaway temperature. However, our catalytic etching experiments using silicon 
tips require much higher temperature in order to thermally activate the reaction. For the 
typical heated AFM tip used for our etching experiments, a large current or voltage is 
applied to pass the thermal runaway point and the resistance value of the cantilever is as 
low as 0.4 ~ 0.5 kΩ. The tip temperature is estimated to be above 1000 °C. In fact, as 
shown in Figure 4.6 (e), the microheater region of this heated silicon tip glows at such 
high temperature in 10% hydrogen/argon forming gas environment. In this case, the 
cantilever resistance drops to 0.52 kΩ from the room temperature resistance of 1.76 kΩ 
with the applied current of 8.6 mA. In another experiment when the applied current 
reached a similar value, the same heated AFM tip was broken due to the melting of 
silicon at the hottest part of the microheater, which is visible in the optical image shown 
in Figure 4.6 (f).  
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We conducted lithography experiments with single layer graphene. Graphene was grown 
by CVD deposition and transferred onto a SiO2/Si substrate. Figure 4.7 (a) is a height 
image of single layer graphene before the experiment. After the etching experiment, we 
use a tapping mode tip to image the same area.  Comparing the phase images of the 
etched area before and after the experiment, we observed some linear trenches along the 
lithography paths and much less damage in other areas. However, we also found some 
features due to mechanical scratching effects, especially at the end of the middle trench 
shown in the tapping mode image Figure 4.7 (e). Heated AFM tips are contact mode 
AFM tips with cantilever spring constants of ~ 0.3 N/m or less, two orders of magnitude 
smaller than tapping mode AFM tip. Under normal imaging conditions, the force exerted 
by the heated AFM tip is not high enough to induce mechanical scratching on an HOPG 
or graphene surface. Even under the condition that the temperature of the heated AFM tip 
passes the thermal runaway point, which is typically 500 °C to 600 °C, it can still be used 
for contact mode imaging. As shown in Figure 4.7(e), we observed a lot of graphene 
debris in the trenches, which indicates that the graphene layer was mechanically 
damaged. Given the fact that graphene normally is not affected by the contact mode 
scanning, it is possible that the graphene was partially hydrogenated during the 
experiment and the degradation of its mechanical properties resulted in the trenches 
during the contact mode scanning. We speculate that further increasing the tip 





4.4 Future work  
We have studied the AFM tip-based nanolithography both under ambient conditions and 
in controlled gas environment. Under ambient conditions, we used platinum coated AFM 
tips to induce local electrochemical oxidation and etching of graphite. Based on the 
experiments conducted so far, we found out how the morphologies of obtained different 
nanostructures depend on the important experimental parameters such as lithography tip 
speed and tip bias. These provide us valuable information of the nanolithography process 
and help us gain a better understanding of the underlying mechanism. Building upon the 
results obtained with graphite samples, we would like to further study the tip-based 
nanolithography of graphene under ambient conditions. The experiments conducted so 
far in controlled hydrogen gas environments have not been able to produce well-defined 
nanostructures similar to those obtained in ambient conditions. However, we have 
obtained a better understanding of the lithography process that we proposed for catalytic 
etching of graphene. Based on the results obtained so far, we would like to propose a new 
method to thermally induce local etching reactions, which is also easier to coat AFM tips 
with catalytic active materials. 
4.4.1 AFM tip-based lithography of graphene under ambient conditions 
We have been able to fabricate different graphitic nanostructures on HOPG surfaces such 
as oxidation lines, trenches and nanoribbons with the finest feature size less than 10 nm. 
These experiments also provided us valuable information about the nanolithography 
process and the mechanism of oxidation and etching of graphite under ambient 
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conditions. Some of the nanostructures with feature size below 10 nm may need to be 
characterized with higher resolution instruments such as STM. For example, the area 
between two oxidation lines that are very close to each other may be difficult for AFM 
imaging due to the relatively large tip radius. For these fine features, we may need to etch 
away the oxide lines with some chemical etchants before AFM characterization. Next we 
would like to study the AFM tip-based nanolithography of graphene under ambient 
conditions. First we need to prepare single layer graphene samples on SiO2. A clean 
transfer method is needed to avoid the contamination introduced by the PMMA 
supporting layers. The samples can also be annealed in hydrogen gas to provide clean 
surfaces. We believe that the information we gained from the aforementioned 
experiments with HOPG will greatly help us to find the right experimental parameters for 
the fabrication of graphene nanostructures. Based on the experiment observation, we also 
propose to improve the nanolithography method with a better tip structure. Basically we 
would coat a non-conductive tip made of hard materials with platinum and then remove 
the metal around the tip apex using an ion sputtering method. In addition, since the 
etching of MoS2 by STM tips under ambient conditions has been mentioned in an early 
study of STM nanolithography [62], we could also explore the possibility of applying the 
technique discussed above to the nanolithography of other 2D materials.  
4.4.2 AFM tip-based lithography of graphene in controlled gas environment 
The experiments conducted so far in the controlled hydrogen gas environment have not 
been able to produce well-defined nanostructures similar to those obtained in ambient 
conditions. The heated AFM tip is made of silicon, which may not provide the catalytic 
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activity needed for etching of graphene with hydrogen. To overcome this problem, we 
propose to use commercially available AFM tips for future experiments. It is much easier 
to coat these tips with different metals such as Pt and Ni. The local joule heating at the 
nanocontact area between tip and sample can be used to thermally induce the etching 
reactions of graphene with hydrogen. We have studied the contact resistance between 
AFM tips and HOPG surfaces and gained a better understanding of the nanocontact. Next 
we would like to apply high currents or high voltages to the nanocontact between the tip 
and sample so as to bring the local temperature high enough to induce the etching 
reaction. Besides the tips coated with platinum, we will also try to coat the tip with Ni for 
further experiments. Ni has high carbon solubility, which may be beneficial to the 
catalytic etching of graphene with hydrogen gas. Besides graphene, we would also expect 
that this method can be applied to other 2D materials such as MoS2. MoS2 is a 
semiconducting material and the contact resistance between tip and MoS2 can be higher 
than in the graphene case. MoS2 also has a lower thermal conductivity than graphene. If 
the nanocontact heating method works well for the etching experiment, we could also 
apply this method to thermally induce other local chemical reactions such as 
polymerization and dehydrogenation for GNR synthesis from DBBA molecules, the 
reaction temperature of which is below 400 °C [21]. 
4.5 Summary and Conclusion  
We have studied the AFM tip-based nanolithography both under ambient conditions and 
in a controlled gas environment. Under ambient conditions, we used platinum coated 
AFM tips to induce local electrochemical oxidation and etching of graphite.  We have 
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been able to fabricate different graphitic nanostructures on HOPG surfaces such as 
oxidation lines, trenches and nanoribbons with the finest feature size smaller than 10 nm. 
Based on the experiments conducted so far, we found out how the morphologies of 
obtained different nanostructures depend on the important experimental parameters such 
as lithography tip speed and tip bias. These experiments have provided us valuable 
information about the nanolithography process and the mechanism of oxidation and 
etching of graphite under ambient conditions.   
We also studied tip-based nanolithography in a controlled hydrogen gas environment. At 
low temperature, a heated silicon AFM tip cannot induce the catalytic reaction between 
graphene and hydrogen. At high temperature, both etching of HOPG or graphene and 
mechanical scratching features are observed. To achieve better control of the etching, the 
tip may need to be coated with metals having high catalytic activity to increase the 
etching rate. We also studied the nanocontact between a conductive AFM tip and HOPG 
surface. Joule heating at nanocontact can generate a significant amount of heat. 
Nanocontact heating can be potentially used to thermally induce local reactions at the 
nanometer scale. These AFM tip-based nanolithography techniques under ambient 
conditions or in controlled gas environment may also be applied to the fabrication of 








Figure 4.1 AFM images of different graphitic nanostructures fabricated by local anodic 
oxidation with negatively biased AFM tips under ambient conditions. (a) A line of 
graphitic oxide with the height of ~ 0.9 nm and the FWHM of ~ 8 nm. Scale bar: 100 nm. 
(b) An etched trench on HOPG surface with the depth of ~ 2nm and the FWHM of ~ 27 
nm. Scale bar: 100 nm. (c) A nanoribbon formed between two etched trenches with the 
narrowest width of ~ 12 nm and the length of ~ 1.25 µm. The inset is the zoom-in AFM 










 Figure 4.2 (a) AFM image of graphitic oxide lines fabricated with negatively biased 
AFM tips. The tip biases for the 13 lithography paths (labeled from #1 to #13) are -4.5V, 
-4.25V, -4.25V, -4.0V, -3.5V, -3.25V, -3.0V, -2.75V, -2.5V, -2.5V, -2.75V, -3.75V, and -
3.75V, respectively. The tip speed is 200 nm/s except for line #10 and #11 (10 nm/s).  
Scale bar: 200 nm. (b) The cross-sectional height profiles along the white dashed line in 












Figure 4.3 (a) AFM image of graphitic oxide lines fabricated with the same tip bias but 
different tip speeds. The tip speeds for the five lines (from left to right) are 0.10 µm/s, 
0.10 µm/s, 0.08 µm/s, 0.06 µm/s, and 0.04 µm/s, respectively.  (b) The dependence of the 
height of the oxide lines on the AFM tip speed. (c) The cross-sectional height profiles 













Figure 4.4 (a) AFM image of trenches etched with the same tip bias but different tip 
speeds. The tip speeds for the four attempted etching paths (from left to right) are 0.5 
µm/s, 0.75 µm/s, 1.0 µm/s and 1.25 µm/s, respectively. (b) The cross-sectional profiles 
along the white dashed line in (a). (c) The dependence of the depth and FWHM of the 
etched trenches on the AFM tip speed. (d) The dependence of the depth and FWHM of 
the etched holes on the AFM tip speed. The four etched holes at the starting points of the 





Figure 4.5 Images of the closed AFM fluid cell (a) attached to the scanning head, (b) 
separated from the scanning head, and (c) inside of the top half cell integrated with AFM 















Figure 4.6 (a) Schematic diagram and (b) SEM image of a heated AFM tip [50]. (c) 
Electrical and thermal characterization of a typical heated AFM tip. (d) Cantilever 
resistance and power as a function of applied electrical current measured with a tip used 
in etching experiment. (e) Optical image of a glowing tip operated at high temperature in 








Figure 4.7 (a) AFM height image and (b) phase image of a single layer graphene on a 
Si/SiO2 substrate before the etching experiments. (c) AFM phase image after the etching 
experiments. (d) AFM height image of the area after the etching experiments. (e) AFM 
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SUMMARY AND FUTURE WORK 
 
5.1 Summary and Conclusions  
In this dissertation, we studied the low-pressure chemical vapor deposition (LPCVD) of 
graphene on commercial copper foils and developed a new graphene growth method 
called selective area chemical vapor deposition of graphene (SACVD). First, we studied 
the chemical vapor deposition of graphene on the whole surface of a catalytic copper 
substrate especially the LPCVD growth using a hot-wall tube furnace. We investigated 
the effects of different factors on graphene growth, including pressure, temperature, 
sample pretreatment procedures, gas flow rates, growth substrate and different sample 
configurations. Next, we focused on the effect of oxygen continuously supplied by fused 
quartz plates inside the growth chamber and developed a new selective growth method. 
The SACVD method is a one-step seed-free growth method that can synthesize graphene 
on selective areas of the copper catalytic substrate by using a top quartz mask and a larger 
underlying quartz substrate. We studied the growth model of the SACVD graphene 
growth and proposed a growth mechanism to understand the SACVD growth of 
graphene. In SACVD graphene grows on both the front and back sides of the Cu foil that 
is sandwiched between the quartz mask and substrate. Furthermore, the graphene that 
grows on both sides of the copper foil shares the same pattern as defined by the smaller 
topside quartz mask. Based on this experimental observation, the proposed mechanism is 
that the oxygen released by the quartz accumulates sufficiently to promote graphene 
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growth only in the regions where both sides of the copper foil are masked by quartz. The 
high diffusion coefficient of oxygen through copper would prevent this accumulation if 
fused quartz were placed on only one side of the copper foil. 
Finally, to pattern graphene at the nanoscale for bandgap opening and device fabrication, 
we studied graphene patterning methods using atomic force microscopy (AFM). We 
found that AFM tip-based nanolithography methods can be used to drive different types 
of localized chemical reactions such as electrochemical oxidation and catalytic etching 
under different conditions. 
5.2 Future Work  
The size of single crystal graphene domains synthesized by our SACVD method can only 
reach about 0.5 mm so far. The next thing we would like to do is to improve our growth 
method and further increase the single crystal domain size by using different methods 
such as using other oxide substrates and electropolishing the Cu foil. This may also be 
achieved by doing an oxygen pretreatment of the copper to suppress the density of 
graphene nucleation sites. Besides optimizing the SACVD growth method, we also 
propose two experiments based on this method. First, SACVD can be applied to the 
growth of an ordered array of large-size single-crystal graphene domains using a 
prepatterned quartz mask. As illustrated in Figure 5.1, one can envision that an array of 
centimeter-size single crystal graphene domains can be synthesized on the selective 
surface areas of a wafer size substrate, instead of growing a wafer-scale large-size single-
crystal domain. A schematic of the topside quartz mask is shown in Figure 5.1 (a). The 
mask has an array of protrusions on the surface. Each quartz protrusion serves as an 
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individual quartz mask to contact with the catalytic surface and induce SACVD growth 
on the area defined by each protrusion. The areas in-between individual quartz 
protrusions have a large gap due to the height of the quartz protrusions and therefore no 
graphene is synthesized by SACVD on these areas. Another proposed method based on 
SACVD is illustrated in Figure 5.2 We propose a continuous growth method to grow 
large size single crystal graphene controlled by a moving quartz mask. Using a tapered 
Cu foil, the quartz mask can form a single graphene nucleus selectively at the end of Cu 
foil. As we move the quartz plate, the graphene nucleus will grow continuously on the 
area covered by the moving quartz mask and finally become a large single-crystal 












5.3 Figures  
 
Figure 5.1 Schematics of (a) top quartz mask with patterns, (b) sandwiched structure, and 
(c) an ordered array of centimeter-size graphene domains synthesized by SACVD.  
 
 
Figure 5.2 Schematic of a proposed method to grow a large single crystal graphene 
domain controlled by a moving quartz mask. 
